We have studied PET/0.6 PHB, an alternating copolymer in which PET is poly(ethylene terephthalate) and PHB is p-hydroxybenzoic acid with the mole fraction of 0.6 PHB. It is a longitudinal polymer liquid crystal (PLC) with the LC sequences in the main chain and oriented along the chain backbone. Material not subjected to the magnetic field, specimens oriented along and perpendicularly to the flux of the magnetic field, were investigated. Static friction, dynamic friction, scratch penetration depth, and healing of the material were determined. Static and dynamic friction parameters for oriented samples have significant higher values for oriented samples. The best scratch resistance is found for the sample aligned along the magnetic field. The results are explained in terms of morphology revealed by scanning electron microscopy and phase structures.
I. INTRODUCTION
A book reflecting extensively and well the contemporary status of polymer science and engineering in the world has been created by J.E. Mark. 1 In the subject index of his book, items such as tribology, wear, friction, and scratch resistance are absent. The same statement applies to the book by Goldman, 2 who discusses a variety of polymer deformation modes. On the other hand, Rabinowicz 3 has thoroughly covered the current status of tribology, and his book deals with metals almost exclusively. Thus, tribology is far better developed for metals than for polymers-though it represents in the latter case a rapidly expanding field of research. 4, 5 Polymer tribology is difficult. For instance, contrary to expectations, in carbon-fiber-reinforced polymers the presence of fibers lowers the wear resistance of the neat polymers. 6 A chapter on polymers in a collective Swiss book on tribology 7 is largely limited to tabulated and diagramatically presented friction values. The need for understanding the tribological behavior of polymers is clear. In the first paper on polymer tribology from this group, 8 we have demonstrated that addition of a fluoropolymer to an epoxy before curing causes a significant lowering of both static and dynamic friction of the cured material. Then we have shown that the same additive increases the scratch resistance of the same commercial epoxy. 9 This time, we work on polymer liquid crystals (PLCs) because of their service extending to high temperatures, better mechanical properties than those of engineering polymers, low thermal expansivity, and other advantages. 10, 11 In particular, we have studied orientation of PLCs in magnetic fields. 12, 13 Though some work on tribology of liquid crystals (LC) state has been reported, 14, 15 tribological properties strongly depend on the system in which a material functions. 16 In these circumstances, we have decided to investigate the effect of magnetic field orientation on static and dynamic friction, scratch resistance, and scratch healing of a PLC.
There are three key-variables one can play with while aligning the PLCs: the temperature of the experiment, the strength of the magnetic field applied, and the time of the exposition of sample to the field.
Selection of the orientation conditions for tribological testing is based on results of our earlier work. 12, 13, 17 The anisotropy increases significantly when one imposes a strong field and when the time of exposition is longer; due to viscoelastic inertia, the molecules react with some delay. Effects observed in Refs. 12 and 13 caused by temperature changes were explained on the basis of the phase diagram of PET/xPHB copolymers constructed before. 18 A rapid increase of anisotropy at temperatures above 250°C has been found.
II. EXPERIMENTAL

A. Material
The material is the alternating copolymer of poly(ethylene terephthalate) (PET) + 0.6 mol fraction of phydroxybenzoic acid (PHB), denoted PET/0.6 PHB (sold under the trade name Rodrun-3000 by Unitica Corp., Osaka, Japan). It is a longitudinal thermotropic PLC that is with the rigid LC sequences in the main chain and oriented along the chain backbone. 11, 17 This material has thoroughly been investigated and used by us earlier. 12, [18] [19] [20] [21] [22] The PLC pellets were put through a high-speed thrashing machine and turned into a fibrous mass to avoid prealigning. The mass was kept at 100°C for 5 h to remove any excess water and then in a dessicator before shaping into a variety of specimens. An oven was set to 250°C, above the melting temperature of the PLC, T m ‫ס‬ 200°C, 18 to facilitate the magnetic field alignment. A Teflon mold for the PLC bars was placed in an oven, and pressure was applied to ensure that there were no air bubbles trapped in the sample. No prealigned conditions detectable by x-ray method 12 were found. A miniature oven was placed in the small space between plates of the electromagnet. The sample was contained at a temperature defined during the set time for alignment, and the field was maintained after the set time. So as to preserve the alignment, the sample was then cooled below the lower glass transition temperature T g of the two polymers constituting the copolymer, that is PET, for which T g ‫ס‬ 61°C. 16 We have concluded 11 that appropriate conditions for good alignment of our material are 280°C, 30 min exposure time, and 1.8 T. The selection of these values is based on our previous results. The orientation parameter defined in Ref. 12 reaches an approximately constant value in the temperature range 250-320°C, hence 280°C is in the middle of that range. At 280°C, the orientation parameter reaches an asymptotic value after 25 min or so, hence 30 min exposition applied here. The 1.8 T field is relatively high to show significant effects and has been used before. 13 Three different kinds of the PLC samples were prepared in the conditions just defined: nonoriented, henceforth labeled 0; aligned PLC with the longer axis of the sample parallel to the flux of the magnetic field B ជ (sample II); and aligned PLC with the longer axis of the sample perpendicular to the flux of the magnetic field field B ជ (sample L).
B. Friction
A SINTECH universal testing machine was used to determine the friction characteristics of our materials: a sled on which the parallelepipedic sample is attached and moving with respect to a stationary plane. The sample fixed on the back on the sled slides over the surface of the plane creating friction resistance. A load cell was used to measure the force needed to slide the sample over the plane. The tests were performed at the room temperature of 24°C. A 44.6 N load cell and a sled with the nominal weight of 0.700 kg were used. The testing speed was 150 mm/min. A Teflon cospecimen was used. The results reported below are the averages each of 10 tests. The tests and the static and dynamic friction parameter calculations were carried out following the appropriate ASTM standard.
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C. Scratch resistance
A Micro-Scratch Tester (MST-CESEMEX) from CSEM Instruments (Neuchatel, Switzerland) was used to measure the scratch resistance. A diamond tip generates a controlled scratch on the surface of the sample. The indentor was of the Rockwell type made of diamond with the point radius of 200 m. Each run included a prescan, the scan (scratch), and a postscan. The prescan served for the characterization of the topology of the sample before the scratch was made. The postscan was performed to measure the viscoelastic response of the material after the scratch was made (healing or recovery after a scratch). The topology of the surface was obtained before the scratch and after the scratch by applying the tip with a very small constant force (0.03 N). The accuracy of the depth determination was ±7.5 nm. A minimum of 15 scratches was performed for each sample under the constant load of 15 N; all numbers reported below are averages. The velocity of scratching was 5.3 mm/min, and the scan length was 3.00 mm. MST measures the load normal to the surface and the penetration depth. The apparatus is controlled from a personal computer; the software collects and displays the results using the CSEM Scratch Software, version 2.3.
III. FRICTIONAL PROPERTIES
First, control experiments were performed, with samples treated only thermally. No significant changes were observed. We assume that any changes discussed here are associated with imposition of the magnetic field. The dynamic and static parameters of friction for samples 0, II, and L (relative to sample 0) are presented in Fig. 1 . The use of relative values is known to enhance the accuracy of the results. The standard error bars are marked. Shading (horizontal, vertical, and x-shaped) helps to distiguish the blocks.
Samples used for tribological studies were rectangular, with one axis longer by about 5 times than the other one. As expected, values of the ratio vary with the orientation of the materials. As clearly seen in Fig. 1 , the ratio increases after aligning for both parameters, more so for dynamic friction. The ratio of the static friction parameters increase from 1 for the sample 0 (by definition) to 5.2 for the sample II and 2.8 for the sample L. At the same time, the ratios of the dynamic parameters increase from 1 for the sample 0 to 16.15 for the sample II and 6.4 for the sample L.
To explain the results seen in Fig. 1 , consider the microphotographs of the PLC structure in Figs. 2 and 3 . In Fig. 2 we see the two-phase material in the absence of the magnetic field. The LC-rich islands are small, more spherical than ellipsoidal. When the field is imposed, the growth of the islands reported in Refs. 10 and 11 is accompanied by their orientation and elongation along the field (Fig. 3) . Rigid dispersoids make the material in the bulk harder and also change the character of the surface. One has to take also into account the sizes and spatial distribution of the islands.
The islands in Fig. 3 are larger than in the sample in Fig. 2 , which was not exposed to the field, hence more motion resistance is expected. Consider performing the experiment along the orientation direction (as the vertical arrow shows). During frictional motion parallel to the field, relatively large part of the sample trajectory goes over LC island surfaces. The islands offer more resistance to the movement than the LC-poor matrix, hence the high values of both static and dynamic friction for case II. In turn, go horizontally across Fig. 3 , covering the same distance as before. The fraction of the movement trajectory that involves the islands is lower than in the case of sample II; however, it is still higher than in the unoriented sample seen in Fig. 2 . It is for this reason that we see the intermediate values of static and dynamic friction in Fig. 1 for case L.
To explain why the relative dynamic friction for oriented sample is so much higher than the relative static friction, we need to consult the scanning electron microscopy (SEM) results of Hess and Lopez 24 for the same PLC. The beginning of the movement against surfaces such as shown in Fig. 9 .5 in Ref. 24 along a feather or a bundle of fibers might be easier, before reaching the bundles border line. Thus, the feathery or fibrous surface seems to be responsible for dynamic friction values higher than respective static values.
IV. SCRATCH RESISTANCE
Typically, a viscoelastic material should recover or heal after the scratch. Comparison of the penetration 2 . SEM of the PLC material that has not been subjected to a magnetic field; one large LC island is visible. The image is recorded at the magnification of 10 k with a JEOL JSM-T300 Scanning Microscope; the sample was cooled with liquid nitrogen and immediately fractured, the fracture surface was coated with gold.
depth R p and the residual depth R h gives us the amount of healing ⌬R
the surface has experienced after the scratch. In materials that heal well, necessarily the residual depth will be much less than the initial penetration depth. One expects that the amount of healing that takes place can be manipulated by the conditions of alignment-as we have done in this work. In prescan, the profiles of the surfaces of the samples were taken and some irregularities noted. The profile values were used as the baseline. While the indentor was penetrating the materials, the scratch depth R p was recorded.
We see in Fig. 4 that the penetration depth has a minimum value for the material oriented along the longer axis of the sample. The scratch resistance clearly increases after aligning. The penetration depth decreases in value from 258 m for sample 0 to 178 m for sample II and 199 m for sample L. Thus, the value of the penetration depth for sample II is lower than the value for sample L. The explanation is somewhat similar to that for Fig. 1 : longer parts of the trajectory covered by LC islandswhich offer higher friction-also offer higher scratch resistance.
Viscoelastic recovery in oriented PLC is fast; after 3 min the bottom of the scratch stops moving. The recovery depth R h values were recorded 5 min after the original scratch and then the ⌬R values calculated from Eq. (1). The results are displayed in Fig. 5 .
The healing manifests itself most for sample II, the respective value is 126.5 m, and the least for sample 0, namely 60.2 m; for sample L the value 77.5 m is found.
Consult again Figs. 2 and 3. Smaller islands offer less resistance to the scratching diamond stylus. This is why the deepest penetration was obtained for microstructure presented in Fig. 2 . At the same time, small LC-rich islands contribute little to the recovery capability-with the results seen in Fig. 5(a) .
The second series to consider are Figs. 3 (followed in the vertical direction), 4(b), and 5(b). The diamond tip encounters the largest fraction of its path in the form of the LC islands. As already argued, this results in the lowest penetration depth in Fig. 4(b) and the highest recovery in Fig. 5(b) . We recall results of molecular dynamic simulation of PLCs subjected to tensile forces: 25, 26 cracks start and propagate until eventual fracture inside the flexible matrix rather than inside the islands. Although scratching differs from tension in the direction of force application to the material, we see that LC islands offer more resistance to both scratching and tension than the LC-poor matrix.
Behavior of the samples scratched perpendicularly to the orientation created by the magnetic field is seen in Figs. 4(c) and 5(c). Similarly as in the case of frictionand for analogous reasons-the behavior is intermediate between samples not subjected to the field and those in which the movement during tribological tests occurs perpendicularly to the longer axes of the islands. Thus, we see a common denominator between two classes of tribological properties, friction and scratch resistance. The movement direction with respect to the orientation of the minor phase and the fraction of the trajectory, which belongs to the minor (here strengthening) phase, determine frictional as well as scratching parameters. oriented PLC is the growth of the LC islands under the field imposition, studied earlier in terms of the microstructure. 10 We can treat the islands as dispersoids observed in alloys in several laboratories. [28] [29] [30] [31] [32] [33] [34] [35] [36] The islands are de facto dispersoids providing division of the surface into a soft phase (matrix) and a hard one (islands). We find that the dispersoids action is crucial also for the tribological properties of aligned PLC.
We note that much more work on polymer tribology is needed. 3, 37, 38 An 840 page book on polymer testing does not even have the word "wear" in its subject index 39 although surface wear is important in industry 40 as well as in medical applications of polymers. 41 The fact that in two-phase systems we have defined two factors that affect friction, scratch resistance and wear, is expected to be helpful.
